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▼
Physical activity and aerobic fitness are among the most well established predictors of cardiovascular health in both children and adults [1, 33, 38] ; however, the mechanisms underlying these relationships are only beginning to emerge. Identification and characterization of new, sensitive and specific markers of cardiovascular dysfunction in youth could help to optimize clinical physical activity recommendations, which are important now more than ever in light of persistently high childhood obesity rates [34] . To this end, emerging evidence supports a critical role for bone marrow-derived circulating endothelial progenitor cells (EPCs) in supporting post-natal vasculogenesis and vascular repair [5, 10, 41] , and suggests that their concentration in peripheral blood may be clinically useful as an early marker of cardiovascular risk, at least among adults [20, 46] . A potent stimulus to increase EPCs is physical exercise [6, 27, 36] . Research involving healthy adults and those with diagnosed cardiovascular disease has demonstrated that acute bouts of exercise can lead to 66-309 % increases in EPCs [37, 43] . Consistent with an apparent benefit of specific episodes of exercise, adults with higher levels of habitual physical activity [28] and physical fitness [6] experience higher EPC concentrations. A small number of studies suggest that acute exercise, physical activity and fitness can also increase EPCs in youth, albeit to a lesser degree [3, 32, 44, 45, 47] . Specifically, Zaldivar et al. reported 83 and 170 % increases in EPCs following acute exercise in pre-and post-pubertal males, respectively [47] . Moreover, the addition of 45 min of daily physical activity in a school setting over a 1-year period led to an 18 % increase in EPCs, with a concomitant 29 % increase in aerobic fitness [44] . Taken together, these data indicate that EPC mobilization may represent one mechanism translating physical activity and aerobic fitness into improved cardiovascular health. Despite the promising links between exercise and EPCs, our understanding of the naturally occurring concentrations of these cells in youths is limited by the equivocal findings of the available literature. In a comparison of EPCs across lifespans, children and adolescents (ages 1-17) demonstrated three times higher EPC counts compared to adult age groups (20-60 and 60-81 years old) [23] . Conversely, Jung 
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Circulating endothelial progenitor cells (EPCs) are early markers of cardiovascular impairment. The role of EPCs in youth remains unclear, and is complicated by differences in how cells are identified. This study (1) described EPCs in pre-and latepubertal males and females, (2) examined their association with fitness, activity and adiposity, and (3) compared EPCs to published cell definitions. 94 participants completed 2 sessions. During the first session, aerobic fitness (W peak ) and moderate-tovigorous physical activity (MVPA) were assessed. During the second session, percent body fat (%BF) was determined by DXA, and a fasted blood sample was collected to measure EPCs by flow cytometry. levels of EPCs in adolescents (13-17 years) compared with adults (> 34 years) [24] . Only one study from Zaldivar et al. examined differences in EPCs by maturation, and its authors reported higher resting concentrations in pre-pubertal compared with post-pubertal males, suggesting that the biology of these cells and/or their precursors may be influenced by puberty or chronological age [47] . Conflicting findings on the effect of weight status on EPCs have also been reported, with data to support a drastic reduction [7] , no change [25] and an increase [24] in EPCs in overweight or obese youth compared with their healthy weight peers. These findings highlight the need for a comprehensive assessment of EPCs, as well as the factors influencing their resting concentrations, so as to explore their potential as markers of cardiovascular health in youth.
The discrepancies between studies in the pediatric population are likely related to the different protocols and cell markers (i. e., phenotype) used to identify EPCs. In fact, a number of adultbased studies have revealed little to no agreement in EPC concentrations when cells were quantified using different isolation protocols (i. e., whole blood vs. peripheral blood mononuclear cells), cell markers (i. e., CD34, CD45, CD133, CD309) and enumeration techniques (i. e., flow cytometry vs. cell culture) [8, 9, 14, 15, 17] . Importantly, marker selection continues to be a matter of debate since most available monoclonal antibodies are not specific to EPCs, and as such, often fail to distinguish between hematopoietic and endothelial progenitor cell lineages [15, 40] . A better understanding of the impact of cell marker selection on EPC identification is necessary to allow for comparison and interpretation of the previously reported findings in the pediatric literature, as well as for the design of future studies of EPCs in youth.
To begin addressing these gaps in the literature, the primary objectives of this study were to 1) assess and compare resting levels of EPCs in typically developing, pre-and post-pubertal males and females, and 2) examine the relationship between these cells and aerobic fitness, physical activity and body composition. Given the wide range of markers used to identify EPCs in youth ( • ▶ Table 3 ), the secondary objective of this study was to compare EPC concentrations in the same sample of participants according to previously reported protocols in the pediatric population.
Materials and Methods
▼
Participants
A total of 94 participants (52 males) were recruited from the general community, local recreation centers, as well as a random selection of elementary and secondary schools from the Hamilton region. A subset of children (N = 21, 22.7 % of total) was also recruited from the weight management program at the Children's Exercise & Nutrition Centre so as to ensure that our sample was more representative of the general Canadian pediatric population from a body composition perspective [34] . By design, an equal number of participants were selected for the prepubertal (8-10 years, N = 48) and late or post-pubertal groups (14-16 years, N = 46). None of the children reported any medical conditions at the time of participation. A parent or guardian and each participant provided written informed consent and assent, respectively, prior to their enrollment in this study, which was performed in accordance with the ethical standards outlined by Harriss and Atkinson [18] , and approved by the Hamilton Health Science/Faculty of Health Sciences Research Ethics Board.
Study overview
Participants were invited to visit the Child Health & Exercise Medicine research laboratory on 2 occasions separated by approximately one week. During the first visit, basic anthropometric measures were collected including weight, standing and sitting height. Pubertal status was defined as maturity offset or the estimated number of years from peak height velocity (YPHV) calculated from anthropometric measures according to Mirwald Data are presented as mean ± standard deviation; median (lower, upper BC a 95 % CI). YPHV = years from peak height velocity [29] , %BF = percentage body fat from DXA, W peak = peak mechanical power relative to lean body mass, MVPA = moderate-to-vigorous physical activity. BMI percentiles and overweight/obesity % calculated according to CDC criteria for age et al. [29] . This was followed by an assessment of aerobic fitness, which was defined as the highest power output (W peak ) achieved during the McMaster All-Out Progressive Continuous Cycling Test. Finally, participants were asked to wear an ActiGraph GT1M accelerometer during all waking hours over a 7-day period so as to quantify habitual levels of moderate-to-vigorous physical activity (MVPA) [13] . At the end of the week, participants returned to the laboratory for their second visit where body composition (% body fat) was assessed using dual energy X-ray absorptiometry, and a fasted blood sample was collected for the enumeration of EPCs. A detailed description of body composition, maturation status, aerobic fitness and physical activity assessments is available elsewhere [31] .
Blood sampling and analysis
A 12-mL blood sample was drawn from each participant by venipuncture from the median cubital vein for determination of complete blood count (2 mL), as well as EPC levels (10 mL). Participants were instructed to refrain from eating for at least 10 h prior to sample collection, and the timing of the sample for postpubertal females was arranged such that it coincided with the follicular phase (days 7-10) of their menstrual cycle. All blood samples were processed within 2 h of collection in accordance with the protocol described by Duda et al. [12] . More specifically, peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by density gradient centrifugation according to manufacturer protocols (Lymphoprep, Axis-Shield, Oslo, Norway). The sample was then incubated with an Fc-receptor blocking reagent for 10-min so as to minimize non-specific binding. This was followed by a 20-min incubation with fluorochromeconjugated monoclonal antibodies, including: CD31-FITC, CD34-APC, CD45-PerCP and CD133-PE. Finally, the sample was lysed, fixed, and stored at 2- Fig. 1 , [12] , were enumerated from 8.0 × 10 5 to 1.0 × 10 6 events collected in the PBMC gate, and analyzed offline using FlowJo (Version 8.7 for MacIntosh, Tree Star Inc.). EPCs were expressed as a proportion of PBMCs (e. g., % of PBMCs), and as a concentration (e. g., cells/mL PBMCs), which was calculated by multiplying EPCs expressed as a proportion of PBMCs by the absolute lymphocyte and monocyte counts determined from the complete blood count [39] . In a separate experiment using 10 samples not from the participants in the current study, intraclass correlation coefficients for repeatability and test-retest reliability assessments of EPCs were 0.920 (95 % lower, upper confidence intervals: 0.708, 0.981, p < 0.001) and 0.975 (0.907, 0.994, p < 0.001), respectively. To address the secondary objective of this study, each sample was examined using the FlowJo software in accordance with the EPC definitions set out by Kinik et al. [25] , Zaldivar et al. [47] , Walther et al. [44, 45] and Park et al. [32] . Since a 4-marker protocol was employed in the current study, only EPC definitions that included one or more of these markers were included in the analysis, and expressed in the units described in the original study from which the definition was retrieved.
Statistical analyses
Statistical analyses were performed in SPSS (version 20.0, IBM, Chicago, IL). All variables were tested for normality using the Shapiro Wilk test; however, the ability of this statistical tool to detect non-normal distributions may be affected by a moderate (~50 + ) sample size [2, 35] . As such, each variable was also visually examined to confirm sample distribution, and subsequent statistical analyses were performed using a bootstrap technique, where possible, so as to reduce the impact of potentially skewed distributions and maximize robustness of the reported findings [19] . A total of 1 000 stratified resamples based on pubertal group and sex were employed for all bootstrap analyses, and bias-corrected and accelerated 95 % confidence intervals were calculated. To examine the influence of sex and pubertal status, 2-way ANOVAs were performed using sex (males vs. females) and pubertal status (pre-pubertal: ≥ + 1 YPHV vs. late/postpubertal: ≤ − 1 YPHV) as factors. Tukey's HSD post hoc tests were used to examine any significant interaction. Spearman correlation coefficients were calculated to assess the relationship between EPCs, as either a concentration or percentage of PBMCs, and aerobic fitness (W peak ), physical activity (MVPA) and body composition (% body fat). If these variables demonstrated strong bivariate relationships (r ≥ 0.5), they were entered into backward linear regression analyses to examine the degree to which these variables could predict measured EPC levels.
Given that the units of expression for the EPC definitions outlined in • ▶ Table 3 varied by study (i. e., % of PBMCs, cells/mL blood, % lymphocytes, etc.), it was impossible to directly com- [12] . Peripheral blood mononuclear cells (lymphocytes and monocytes) were isolated and gated a, from which CD31 + CD45 dim cells were identified b, and further classified into CD133 + CD34 br cells c.
pare 
Results
▼
EPCs by sex and pubertal status
Of the 94 participants enrolled in this study, complete data sets were available for 75 (39 male) participants (12 did not comply with physical activity assessments, 7 did not provide a fasted blood sample). When examined as a whole group, all variables, with the exception of physical activity outcomes, were not normally distrib- • ▶ Table 1 provides participant characteristic, as well as a breakdown of EPCs by group. All data were combined for subsequent analyses.
Relationship between fitness, physical activity, body composition and EPCs
Spearman's correlations between EPCs and W peak , MVPA, and %BF are presented in • ▶ Table 2 . Neither concentrations of EPCs nor cells expressed as a % of PBMCs were associated with W peak normalized to lean body mass, MVPA or % BF. Because none of the bivariate correlations achieved a correlation coefficient ≥ 0.5, backward linear regression analyses were not performed.
Assessment of agreement by EPC definitions
Median and BC a 95 % CI are presented for each of the cell definitions assessed in the current study in • ▶ Table 4 ).
Discussion
▼
There is limited evidence in the pediatric population for links between fitness, physical activity and EPCs, which are emerging as potentially important effectors of cardiovascular health. For this reason, we simultaneously assessed the degree to which physical activity and fitness are associated with EPC concentrations, while considering body composition in children and adolescents. The main findings of this study are that neither proportions nor concentrations of EPCs were associated with markers of aerobic fitness, physical activity or body composition. We also found that these cells were expressed similarly in males and females in early and late phases of maturation, as defined by estimated years from peak height velocity. In a series of reviews of mainly the adult literature, convincing links between EPCs and measures of vascular function, fitness and physical activity were provided [28, 37, 43] . These findings are in line with some of the pediatric literature where EPCs were weakly, but positively associated with exercise capacity [45] , and elevated by 25-54 % in youth presenting with higher baseline aerobic fitness, assessed as maximal oxygen uptake, compared with their peers [44] . We found no association between fitness, physical activity and EPCs, which is consistent with a recent study demonstrating similar levels of EPCs in competitive athletes and sedentary controls [11] . Our findings may be attributable to the homogeneous nature of our participants. Indeed, the incidence of overt acquired cardiovascular disease in children is extremely low, and the reported BC a 95 % CI values reported in • ▶ tile for BMI) compared with healthy weight controls [7] . In the current study, only 7 of 21 participants met the criteria used by Bruyndonckx et al. for obese classification; of these, all 7 participants were enrolled in a lifestyle modification program that included both diet and activity counseling and as such, may not have been representative of overweight and obese youth in the general population. Although we aimed to recruit a sample that was representative of the general Canadian pediatric population, it may be important for future work to examine youth at the extremes of the population, specifically focusing on those presenting with increased risk of cardiovascular disease. Pubertal development is associated with a number of physiological and behavioral changes that might also impact EPC concentrations; however, we did not observe any differences in EPC levels between pre-and late/post-pubertal youths. Conversely, Zaldivar et al. reported that CD45 dim CD34 + cells were more abundant early pubertal compared to late pubertal males, based on the development of secondary sex characteristics (i. e., Tanner stages). This difference is likely related to the cell populations assessed in each of the respective studies. Specifically, Zaldivar et al. examined a broader population of CD34 + peripheral blood stem cells (PBSC) that may play a role in key tissue repair mechanisms, which include, but are not limited to, vascular repair [47] . Therefore, it may be that the cells examined in the current study represent a subset of the CD34 + PBSC population.
Given the wide range of markers and gating strategies in previously reported exercise-and body composition-related pediatric studies of EPCs, our secondary objective was to compare EPC enumeration techniques in the same sample of youth. Our results suggest that there is little to no agreement in the overall ranking of participants according to the 10 examined phenotypic definitions of EPCs. This finding is consistent with previous studies in the adult population examining various protocols and phenotypic definitions of EPCs [8, 17] [21] . Further, there is evidence to suggest that the early EPC subtype, which appears to be consistent with the phenotypes examined in the current study, represents a heterogeneous cell population in and of itself, and includes a subset of cells that may develop into late EPCs [22] . Therefore, it is likely that the large variability in EPC marker selection among the pediatric studies has led to an inadvertent assessment of distinct subpopulations of early and late EPCs. Given the reported differences in the contributions of these subpopulations to vasculogenesis and vascular repair [22] , it is plausible that some subpopulations may also be more responsive and tightly linked with fitness, physical activity and body composition than others. It is important that future studies clearly define their EPC of interest and, ideally, isolate and assess the individual contributions of these cells to vascular maintenance and repair so as to better understand their potential as early markers of cardiovascular impairments in youth. The findings of this study must be interpreted with some limitations in mind. The EPC enumeration protocol we employed was developed and verified by Duda et al.; however, we did not isolate the cells of interest to verify that their morphology was consistent with that of EPCs. Our protocol used peripheral blood mononuclear cells, whereas the majority of studies referenced Table 3 used whole blood. This limited our ability to directly compare our findings to previously published studies since PBMC and whole blood EPC enumeration protocols are known to demonstrate relatively low levels of agreement [8] . This may have also affected the observed level of agreement among the EPC definitions examined in our secondary objective. However, it is important to note that PBMC isolation may yield more valid estimates of EPCs than whole blood, which may be more susceptible to false positives [8, 9] . Given that the Duda et al. protocol required 4 markers for EPC identification, and that most of the available literature employs a 2-or 3-marker approach, it is possible that we excluded some cells that might fall under the EPC umbrella. Moreover, our 4-marker protocol did not include KDR (or CD309/VEGFR2), a commonly used EPC marker, nor did we examine definitions including CD3 or CD117, thus we were unable to compare our results to all of the previously reported cell populations in exercise-and body composition-related studies youth. Finally, our study sample represented a relatively healthy and homogeneous group of children and adolescents. It may be that differences in EPCs are only seen at the extremes of the population; therefore, future work should seek to include children with chronic medical conditions that may predispose them to increased risk of cardiovascular disease. To our knowledge, this was the first study to examine resting EPC concentrations and their association with fitness, physical activity and body composition in a sample of healthy children and adolescents. We found that EPCs were similar in pre-and post-pubertal males and females, and were not associated with aerobic fitness, physical activity or body composition. We also reported overall poor agreement with regard to EPC concentrations identified using previously reported phenotypic definitions, which may be indicative of various subsets of EPCs involved in the complex process of vascular repair and remodeling. Future work should seek to isolate and examine the quantity, mobilization and function of these cells in relation to an exercise stimulus, so as to better understand the role of EPCs in exercise-induced improvements in cardiovascular health during the pediatric years. number is correlated to physical performance in obese children and young adolescents. Cardiol Young 2010; 20: 381-386 Table 4 Kappa statistics for pairwise comparisons of percentile ranks by cell definition. 
